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SUMMARY
A theoretical treatment of the optimum gas chromatographic conditions for open-tubular columns, operated at vacuum outlet pressures, is presented. Equations are given for the minimum plate height, the optimum linear gas velocity and the optimum inlet pressure. The maximum column efficiency was calculated to decrease by 12.5 % at most, compared with atmospheric outlet conditions. The gain in speed of analysis obtained with vacuum outlet columns is dependent upon the nature of the carrier gas and increases strongly with lower (sub-atmospheric) optimum inlet pressures. The use of short and/or wide-bore columns can therefore be recommended.
Experimental results indicate the validity of the theory, although no loss in efficiency has been observed. The ultimate gas chromatography-mass spectrometry coupling device thus appears to be no device at all: the end of the column need only be inserted into the ion source of a mass spectrometer.
In addition to the gain in speed of analysis, the many problems caused by wall effects and dead volumes in interface lines are avoided by this method. Moreover, the gas chromatographic peaks are narrower and thus higher, lowering detection limits.
INTRODUCTION
The utility of integrated gas chromatography-mass spectrometry (GC-MS) systems is maximized when (glass) capillary columns are used. Apart from molecular separators as interfaces, there are basically two coupling devices: direct (closed) and open-split connections (see, for instance, refs. 1 and 2, respectively). The direct connection has the obvious advantage of full sample transfer_ If no restriction is used between the capillary column and the ion source, the column outlet is at a very low pressure. It is often claimed that a decreased outlet pressure has a deleterious effect on column efficiency. In practice3*', up to 30% loss in optimum separation efficiency has been reported. Other workers reported no 10s~~~~ or even improved resolution' with vacuum outlet pressures. On the other hand, the optimum gas velocity was found to be shifted to higher values3sJ.
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Although some attempts have been made to rationalize these (contradictory) finding?".", no complete treatment of vacuum-outlet GC has been reported to date. In this paper it will be shown that operation of wall-coaled open-tubular columns at vacuum outlet pressure has many advantages over operation at atmospheric outlet pressures.
EXPERIMENTAL
A Duran 50 glass capillary (60 m x 0.40 mm I.D.) was leached with HCI, dehydrated and subsequently deactivated with benzyltriphenylphosphonium chlorides. The column was coated with SE-30 by a static procedureg. The film thickness was calculated to be 0.40 ,um.
The column was operated isothermally at 400°K. In vacuum outlet GC-MS mode, the column was coupled directly to a Finnigaa 4000 quadrupole mass spectrometer (Finnigan, Sunnyvale, CA, U.S.A.), via a glass-lined tube (40 cm x 0.4 mm I.D.) (GLT). The GLT was inserted as far as possible into the standard Finnigan 4000 GC-MS interface block. The column was connected to the other end of the GLT by a "graph-pack" coupling lo The GLT was maintained at 430°K. The mass . spectrometer was used in the electron impact (El) mode to monitor the current of alkyl fragment ions at m/z 15 (helium carrier gas) or m/z 43 (nitrogen), respectively. Chromatograms were recorded on a Leeds & Northrup Speedomax XL 681 A (Leeds & Northrup Italiana, Milan, Italy) fast pen recorder.
The column was subsequently divided into two parts each of 30 m length. One half was used to compare vacuum outlet with atmospheric outlet behaviour. In the latter case a Carlo Erba Fractovap 2900 gas chromatograph (Carlo Erba, Milan, Italy), equipped with a flame-ionization detector (FID) was employed. Sample splitters, with a splitting ratio of 1:200, were used as injector at 550°K throughout the experiments. Injections at sub-atmospheric inlet pressures were made by attaching a vacuum pump to the vent outlet of the splitter. The inlet pressure was regulated by a fine metering valve and measured with a Model FA 145 precision pressure gauge (Wallace & Tierman, Giinzburg/Do., G.F.R.). n-Dodecane, having a capacity ratio of k = 2 at 4OO"K, was injected as vapour. The carrier gas velocities were measured using methane (helium carrier gas), or propane (nitrogen), injected simultaneously with n-dodecane.
THEORETICAL DISCUSSION
Band broadening in capillary columns is satisfactorily described by the Golay equation" extended to situations of appreciable pressure drop by Giddings and coworkers"*'3. Taking into account the decompression effect as described by these authors, the expression for the measured or apparent plate height for a uniformly distributed liquid film, is: The effect of operating at sub-atmospheric column outlet pressures is dependent on the relative magnitude of the C, and C, terms (describing the resistance to mass transfer in the gas and liquid phases respectively). A treatment including the C, term will be given in a forthcoming paper.
Assumptions
In a first approximation it will be assumed that C, is negligible compared to C,. At the same time P > 1, if no restriction is used at the outlet of the column direct!y connected to the ion source of a mass spectrometer. The effect of these assumptions will be treated systematically_ 
Using eqns. 7, 12 and 3, the inlet pressure, PiVop(, can be calculated for a given separation problem assuming optimum chromatographic conditions. Thus, 5pollcuills = %pI.Golily-GiddlopS yields: by vacuum operation (eqn. 7) . 
Relation between optimum inlet pressures under atmospheric and vacuum outlet
Gain (G) in optimum carrier gas velocity
G = +"no
Discussion
A given separation problem requires Nrcs theoretical plates at a certain fixed value of k. If furthermore P >> 1, C, > C, and the column is operated under optimum conditions (at optimum inlet pressure, Pl,opc.vac ) then the following conclusions can , be drawn (pressures expressed in bar).
(1) The minimum plate height, Hmtn (eqns. 8, 11 and 23), is independent of the carrier gas and, except for a factor of 9/8, independent of the outlet pressure of the column. The minimum plate height is proportional to r, and a function of k. The same conclusions are valid for the required column length L = NH (eqns. 14 and 15) . Piaoptvvac (eqn. 19) , is proportional to l/r,
+/WCS and dqDmel. From Table I it can be seen that Pi,opr.vac has a low value for isobutane, but higher values for the carrier gases helium and hydrogen. For a given column a simple relation holds between the optimum inlet pressures under vacuum and atmospheric outlet pressures (eqn. 26):
P~.,pt.".C = P:0rJt.a'* -1
(3) The optimum average carrier gas velocity under vacuum outlet pressures, k,,t.vns (eqn-2% is independent of T, but proportional to l/dNEcg and dDm,J+ The smallest analysis time is obtained with hydrogen as the carrier gas (Table I) .
(4) Comparing P,, = 0 and P, = 1 bar for a given column at constant experi- Table I , values of G for different carrier gases are given for a 0.4 mm I.D. column having 10,CKKl theoretical plates. Using the chemical ionization reagent gases methane, isobutane or ammonia as carrier gases, the gain in speed of anaIysis is even higher than obtained with nitrogen. If more theoretical plates are required, the consequence is an increase in Pi.opt,vac, and a decrease in G (Fig. 1). (5) Vacuum outlet operation results in narrower and thus higher peaks for a given amount of sample and therefore improves detection limits.
RESULTS AND CONCLUSIONS
Experimental results indicate the validity of the theory. The obtained data are summarized in Table II and Fig. 2 .
As predicted by theory, under vacuum conditions no significant difference in plate number is found between the carrier gases nitrogen and helium. Comparing the experimental results for the 30 m column, operated with nitrogen at P, = 0 and PO = 1 bar, respectively, no evidence is found for a loss in plate number by a factor fi = 9/S. The difference between Ncalc. and N,,,,_ under atmospheric outlet pressures is probably due to the contribution of the C, term from the Golay-Giddings equation.
Caiculated and experimental values of P i.opt, i& and N agree very well. The results obtained with the 30 m column at P,, = 0 demonstrate a gain in analysis time of a factor 2.5, as predicted by theory. The derived equations show that much larger "gain" factors can be obtained for chemical ionization reagent gases such as isobutane (~5, Table I ). The optimum volume flow (reduced to 1 bar) to the mass spectrometer is unaffected. From the constancy of N and the increase of the optimum linear carrier gas velocity, it appears that the peak width is decreased under vacuum outlet pres-sures. The effect is a~ improvement in detection limits for both concentration and mass-flow detectors. The advantageous effects described above hold for WCOT columns where the resistance towards mass transfer in the liquid phase is negligible compared to that in the gas phase. This is valid for capiharies with uniformly distributed thin liquid films, but also for wide-bore columns with thick films. The latter have higher sample capacities, show less adsorption and facilitate injection.
